Many scientific efforts have been undertaken toward reducing the Co content in LiMn 1/3 Ni 1/3 Co 1/3 O 2 cathode materials for thin-film batteries. In this study, we present cathodes with a wide range of Li(Ni, Mn, Co)O 2 compositions to determine the material with the best electrochemical performance by changing the ratio of Ni to Mn at a fixed 0.1 at.% of Co by the continuous composition spread sputtering method. The cathode composition measurements by Rutherford backscattering spectroscopy show that the best electrochemical performance is obtained for a composition of Ni:Mn:Co = 19:71:10. The reasons for this improved electrochemical performance are further investigated by X-ray diffraction, electrochemical impedance spectroscopy, Fourier-transform infrared spectroscopy, and X-ray absorption near edge spectroscopy. cathode was introduced by Ohzuku's group in 2001 in a bulkbattery [3, 16, 17] at a high C-rate. In Li(Ni, Mn, Co)O 2 , it is assumed that the valence states of the transition metals are Ni 2+ , Mn 4+ , and Co 3+ in the voltage range of 2.5-4.7 V, and two-electron transfer reactions result in Ni 2+/4+ at 3.6-3.8 V and Co 3+/4+ at 4. 55-4.65 V [18]. The Li(Ni, Mn, Co)O 2 composition yields fascinating cathode materials due to its diverse possibilities, such as changing the composition ratio for selection regarding different applications [19] . Specifically, there are many reports on reducing the Co ratio in the Li(Ni, Mn, Co)O 2 composition to minimize drawbacks, such as the high cost and toxicity [20, 21] .
Introduction
Lithium-ion batteries (LIBs) have revolutionized the use of portable devices and impacted our daily life since their creation in 1991 by Sony Inc. [1, 2] . LIBs carry much more energy (ca. 180 Wh/kg) at a voltage of 3.8 V (five times higher) compared with lead-acid batteries [3, 4] . The lead-acid free, high energy density, and compact nature of LIBs have given them a tremendous edge over their predecessor. It is now almost impossible to imagine daily life without LIBs. LIBs are used in countless applications, including mobile phones, portable computers, electric vehicles, and energy storage system for harvesting [5] [6] [7] , due to their specific power and power density [8] . Nowadays, most devices tend toward miniaturization for the sake of improved portability. Thus, high stability, capacity, and power have become significant factors for batteries, and cost is also an important issue. As a result, new materials for positive and negative electrodes that can resolve these compelling issues have been studied extensively by researchers [9, 10] .
One battery component, the cathode, is highly important because the amount of electrical energy stored in a battery is determined by the number of ions that balance the charge neutrality. Generally, the theoretical capacity of cathode materials is much lower than that of anode materials. The specific energy densities among cathode materials, such as LiCoO 2 [11] , LiMn 2 O 4 [12] , and LiMn 1/3 Ni 1/3 Co 1/3 O 2 , (ca. 200 mAhg −1 ) are limited by electrode chemistry, which is approximately a few tens of times lower than the theoretical capacity (4200 mAhg −1 ) of Si anode materials [13] .
Batteries with LiCoO 2 electrodes have limited applications that demand more power; thus, other potential cathode materials have been investigated [14, 15] . The LiMn 1/3 Ni 1/3 Co 1/3 O 2 (NMC)
Experimental Methods

Material Preparation
Li(Mn 0.9−x Ni x Co 0.1 )O 2 thin films were deposited on substrates with layers of Pt/Ti/SiO 2 /Si (111) by using CCS sputtering from 4-in LiMn 0.9 Co 0.1 O 2 and LiNi 0.9 Co 0.1 O 2 targets. Substrates with an area of 1.0 × 1.5 cm 2 were placed on the substrate holder then covered with a hard mask with a thickness of 2.2 cm. Thin films were then grown on the substrates, where the active material was defined through the hard mask with a 1.0 × 1.0 cm 2 area. As shown in Figure S1 , the thin film was rich in Mn content when the substrate was close to the LiMn 0.9 Co 0.1 O 2 target and vice versa. The substrate positions were denoted as P1 to P9 with respect to the LiMn 0.9 Co 0.1 O 2 target. The active material was deposited on substrates to check the electrochemical performance of a wide range of composition gradients by changing the ratio of Ni to Mn at a fixed 0.1 at.% of Co. After pre-sputtering for 10 min to remove contaminants from the target surfaces, all specimens were deposited at 1.0 × 10 −3 Torr using different gas ratios of Ar to O 2 (40:0, 30:10, and 20:20) . These experiments were performed at a base pressure of less than 2 × 10 −6 Torr. RF powers of 160 and 80 W were applied to the LiMn 0.9 Co 0.1 O 2 and LiNi 0.9 Co 0.1 O 2 targets, respectively.
To crystallize the active materials, all deposited substrates were annealed in a tube furnace at a heating rate of 5 • C/min to 600 • C for 3 h in an oxygen atmosphere with a flow rate of 500 mL/min. This annealing step allowed for sufficient crystallization of the active materials.
Characterization
The structural properties of the deposited and annealed thin films with Pt/Ti/SiO 2 /Si (111) layers at different gas ratios of Ar to O 2 were investigated by X-ray diffraction (XRD, ATX-G, Rigaku, Spring, TX, USA) using Cu Kα radiation at room temperature (RT). Each XRD pattern was acquired over a 2θ range of 15 • to 80 • with a step size of 0.04 • . The recorded XRD patterns were compared to the reference for layered composites (PDF#00-056-0147). The morphologies of the thin films were investigated using a field emission scanning electron microscope (SEM, FEI Nova NanoSEM, Hillsboro, OR, USA) operated at 10 kV with a working distance of ca. 5 mm. The thickness of the NMC layer of all samples was determined by using cross-sectional SEM images of the thin films. The charge/discharge performances of samples at three positions (P1, P5, and P9) were measured by a beaker cell using Li metal as the anode and 1 M solution of LiPF 6 in a 1:1 vol.% mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as the electrolyte at a rate of 1.0 C on a battery test station (WBCS3000, WonATech, Seoul, Korea).
The surface morphologies before and after cycling were characterized using a commercial atomic force microscope (AFM, Park XE-100 AFM, Park Systems, Suwon, Korea) at RT in noncontact mode. The scanning area of the AFM measurement was 10 × 10 µm 2 , and the scan rate was 0.6 Hz. For imaging, the AC frequency was 300-320 kHz, and cantilevers (PPP-NCHR, force constant = 10-130 Nm −1 , Nanosensors Inc., Lady's Island, SC, USA) were used to scan the annealed thin films.
To compare the structural stability of the two samples with the highest (P4) and lowest (P9) discharge capacities, electrochemical impedance spectra (EIS) were collected on a Zahner Electrik IM6ex electrochemical analyzer (Zahner, Germany) in the frequency range of 1 mHz to 10 MHz with a voltage of 5 mV. The thin films were also analyzed in the 500-700 cm −1 range by Fourier transform infrared (FT-IR) spectroscopy (Frontier, PerkinElmer, Waltham, MA, USA).
In order to study the electronic states of the transition metals, X-ray absorption spectroscopy (XAS) experiments were carried out on the extended X-ray absorption fine structure (EXAFS) facility (PAL, Pohang, Korea) installed at beam line 7C at the Pohang Accelerator Laboratory, Korea. Cobalt (II) acetate tetrahydrate, cobalt (III) acetylacetonate, cobalt (II,III) oxide, manganese (II) oxide, manganese (III) oxide, lithium nickel (III) oxide, and nickel (II) oxide were analyzed as references.
The composition of the thin film with the highest capacity was determined by Rutherford backscattering spectroscopy (RBS, 6SDH2, NEC, Tokyo, Japan) using a 2.0 MeV He 2+ ion beam impinging on the 5 • tilted surface at a backscattering angle of 170 • . To avoid confusion between the oxygen contents of the active material and substrate, as well as unwanted signals from Ti or Pt, the RBS measurement was performed on a thin film that was grown on a Si 3 N 4 /Si substrate after annealing at 600 • C, whereas the charge/discharge test was performed on a thin film grown on a Pt/Ti/SiO 2 /Si substrate. The RBS spectra were simulated using the well-known computer code RUMP [25] .
Results and Discussion
Samples were deposited and measured to investigate thickness profiles according to the gas ratio of Ar to O 2 . Figure S2a shows cross-sectional SEM images of three samples (P1, P5, and P9) acquired to optimize the gas ratio of Ar to O 2 . Figure S2b shows the thickness profile of the binary system deposited with LiMn 0.9 Co 0.1 O 2 and LiNi 0.9 Co 0.1 O 2 by off-axis CCS sputtering after annealing at 600 • C. At a gas ratio of 40:0, the deposition rate was nearly 2 times higher than the rates at the other gas ratios (30:10 and 20:20) . The surfaces of all deposited samples appear to be dense and smooth.
The results of electrochemical testing are shown in Figure S3 . Charge/discharge tests of three samples, which were deposited at different gas ratios (Ar:O 2 = 40:0, 30:10, and 20:20), were carried out at a 1.0 C-rate. The sample deposited at Ar:O 2 = 40:0 has the best initial discharge capacity (36 µAh/cm 2 ·µm) among the samples grown at other gas ratios. The optimum gas ratio was determined with the cell results, as shown in Figure S3 . Figure S4 displays the XRD crystal structure patterns of all samples. Aside from a few unknown peaks, the samples seem to be well-defined and somewhat impurity-free single-phase crystals with a hexagonal NaFeO 2 type structure and rhombohedral R3-m; space group [26] [27] [28] . The intensity ratio of the (003) and (104) peaks, which indicates cation mixing between Li + and Ni 2+ in the Li layer, decreases as Mn content increases. Small peaks from cobalt oxide, nickel oxide, and manganese oxide are observed at approximately 18 • , 43 • , and 55 • , respectively, due to oxidation of the thin film surfaces [29] . Table S1 shows the lattice parameters of the samples, where the loss of lithium ions increases when the lattice parameter c is low and a is high [30, 31] . Figure S5a shows SEM images of all samples P1 to P9 for the optimized gas ratios of Ar to O 2 . Figure S5b shows the thickness profile of the binary system deposited with LiMn 0.9 Co 0.1 O 2 and LiNi 0.9 Co 0.1 O 2 targets at a gas ratio of Ar:O 2 = 40:0 by off-axis CCS sputtering and subsequent annealing at 600 • C. The thin films grown at positions near the LiMn 0.9 Co 0.1 O 2 target are Mn-rich and thicker due to the higher deposition rate of the target than that of the Ni-rich thin films grown near the other target. In the SEM images of the samples, the thickness variation was 46 and 20 nm across the length and breadth respectively, which will contribute to an increase in surface area, but the increase will be insignificant (~1 millionth%). Hence, considering an active surface area of 1.0 × 1.0 cm 2 is a good assumption.
The volumetric capacity was calculated as: capacity/volume = capacity/(area × thickness), where thickness was calculated at the center of the films. If we consider the thickness change due to a shadowing effect, the mean thickness variation (decrease) will be~10 nm (1%-2%), which will marginally increase the volumetric capacity. Thus, reported volumetric capacities can be considered as lower bounds.
The samples were deposited under the same optimized conditions but were tested in different voltage ranges because it was found that the discharge capacity commonly increased at a high upper voltage [32] . The discharge capacities and voltage profiles of all samples are shown in Figure 1a ,b, respectively. The discharge capacities for samples P1 to P6 are not remarkably different, but they sharply decrease for P7 to P9. Moreover, the voltage profiles in Figure 1b indicate that samples with plateaus at approximately 2.5 V, where the Mn 4+ /Mn 3+ reaction occurs [33] [34] [35] , have higher discharge capacities.
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Conclusion
In conclusion, we studied new and promising LIB electrode material compositions by means of CCS sputtering. The thin film with the highest capacity (Ni:Mn:Co = 19:71:10) is composed of welldefined and impurity-free single-phase crystals, and its surface is dense and smooth. Its electrochemical performance is much better that that of NMC materials containing harmonious compositions of Ni and Mn. The reasons for this improvement include a higher structural stability, transitional metal redox reactions during charge and discharge processes, and suppression of Jahn-Teller distortion effects. Therefore, the thin film with a composition of Ni:Mn:Co = 19:71:10 has the highest discharge capacity despite having less Ni content than that of a commercial cathode material (LiMn1/3Ni1/3Co1/3O2). As we now roughly know the optimized Mn/Ni ratio based on nine compositions, we will further explore it in detail in future work.
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